This study aimed to observe the effect of lentivirus-mediated cyclooxygenase-2 and aggrecanase-1 silencing and insulin-like growth factor-1 overexpression in human bone marrow mesenchymal stem cells after injection into model osteoarthritic knees.
Background
Osteoarthritis (OA) is the result of the interaction between mechanical and biological factors that result in the imbalance of chondrocytes and extracellular matrix synthesis and degradation, and present as progressive and severe disease. Its morbidity increases with age, and the incidence in people over 70 years old is as high as 80% [1] . To date, the treatment includes no-drug therapy, drug therapy, and surgical intervention, as well as genetic and biological treatment, which aim to relieve symptoms [2] . Despite the multiple methods of treatment, the outcome is still unsatisfactory, so it is important to curb or reverse the process of OA rather than focusing on alleviating the symptoms. The appearance and development of gene therapy is promising, but experimental research in gene therapy for OA is still in its initial stages. Gene therapy uses normal genes or therapeutic DNA sequences to correct genetic defects or treat diseases after transfecting the genes into target cells. Now, we often choose to enhance protective genes or inhibit destructive ones as a treatment method. If we combine the 2 methods, we can get better outcomes [3] . The advantages are: (1) BMSCs with target gene can express products subtly and persistently; (2) they can maintain this function with cell proliferation, and can improve long-term treatment effect; (3) several genes can be transfected and regulated at the same time; (4) local treatment reduces systemic adverse reactions; (5) BMSCs have multi-directional differentiation ability by carrying the target gene, so BMSCs can differentiate into relatively normal cartilage tissue, so as to treat OA better [4] .
OA is a pathological change with senility and degeneration of articular cartilage, and then osteoproliferation present in cartilage, osteophyte, and cartilage fragment can also stimulate the appearance of secondary osteosynovitis [5] . In the process, cyclooxygenase-2 (COX-2) , aggrecanase-1, and insulin-like growth factor 1 (IGF-1) play a relatively important role. COX-2 is the key enzyme for the synthesis of prostaglandin PG (PGE), especially PGE2, which is associated with the occurrence and development of inflammation [6] . COX-2 can promote cartilage cells to synthesize PGE2 and a variety of collagenases, which accelerate the degradation of cartilage matrix [7] , and, accompanied by increased PGE2, the free radicals and active oxygen can damage the cartilage cells. Aggrecanase1 and aggrecanase2 are the main protein enzymes that play a major role in the loss of proteoglycans. The expression of aggrecanase1 is very active in the articular cartilage of OA patients, and it may also play an important role in the degeneration of proteoglycans [8] . IGF-1 is the main stimulating factor in serum and joint fluid; it can intensively promote the synthesis of cartilage matrix, and inhibits the degradation of cartilage matrix, and in vitro studies show that IGF-1 can promote the synthesis of cartilage and proteoglycan [9] .
In this study, we used BMSCs as target cells and Cynomolgus monkeys as the animal model. We transferred lentivirus-mediated cyclooxygenase-2 and aggrecanase-1 silencing gene and insulin-like growth factor-1 overexpression genes into human bone marrow mesenchymal stem cells, then injected the transfected BMSCs into the joint cavity of the osteoarthritic model and observed the changes in inflammatory factor in joint fluid and articular cartilage.
Material and Methods

Osteoarthritis animal model
Male 1-year-old Cynomolgus monkeys were provided by the Experimental Animal Centre of Jinan, Shandong province, China. In view of the cost and experiment demands, we bought 9 monkeys. This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was approved by the Committee on the Ethics of Animal Experiments of the Affiliated Hospital of Qingdao University, and all efforts were made to minimize suffering. During the experimentation, no animal got sick or died. The weight of each monkey was about 6±0.3 Kg. The animals were anaesthetized by intramuscular injection of ketamine (1 mg/kg) and diazepam (0.6 mg/kg) and redosed as needed, then a skin incision about 4 cm along anterior median line at right leg was made beginning from the suprapatellar bursa and extending to the level of the tibial plateau. The subcutaneous tissue was incised layer-by-layer, the joint capsule was incised, and the patella was evaginated, and the anterior and posterior cruciate ligament was cut off from its beginning to the attachment, as well as the medial meniscus. Postoperatively, the incision was disinfected with 0.5% iodophor and the sutured layer-by-layer, and all animals were treated with Clindamycin (20 mg/kg) by intramuscular injection twice a day for 3 days. All animals were observed and monitored for 24 h, after which they were placed in an animal house without any limitation. In total, 9 Cynomolgus monkeys were randomly distributed into 3 groups (the virus group, blank-virus groups, saline group). The left legs served as the normal group. Six weeks later, MRI and the same surgery were performed to observe and compare the change in articular cartilage.
Lentiviral vectors construction
Lentiviral vectors were constructed by GenBank. Lentivirus vectors with interference sequences sh-hCOX2, sh-h-aggrecanase-1, and overexpression sequence hIGF-1, named hCOX-2-shRNA, hAggrecanase1-shRNA, and hIGF-1-shRNA, respectively (Table 1) , were designed and synthesized by Shanghai GenePharma Co. Ltd. The vectors harbored a green fluorescent protein (GFP) gene, which could be used as an indicator.
Cell culture
Human bone marrow mesenchymal stem cells were isolated from the bone marrow of 10 donors (5 males and 5 females) with a mean age of (54±7.1) years. Bone marrow was obtained from the femur within the framework of total hip replacement. All patients provided informed consent according to the latest version of the Helsinki Declaration. This protocol was approved by the Ethics Committee of the Affiliated Hospital of Qingdao University, China. Five mL of bone marrow mixed with an equal volume of DMEM-L in a 15-mL sterile centrifuge tube and was pipetted to make uniform suspensions. Five mL of suspension was absorbed and plated in 25-cm 2 cell culture flasks, and the cells were maintained in an incubator at 37°C and 5% CO 2 , called the primary cells. After 24 h, half of the medium was replaced with 2 mL of fresh configuration culture (DMEM: serum: double antibiotic=89: 10: 1), while the suspension cells and the residue were taken out of the culture flasks, and thereafter the full medium was changed on alternate days. After 7-8 days, when the cells reached 80% confluence, the adherent cells were harvested and passaged (by 1: 2). The passaged cells were plated in culture flasks until the 3 rd passage, and then were collected and transfected by virus.
Gene transfection
The third generation of human bone marrow mesenchymal stem cells were digested with 2.5 g/L trypsin, counted, and plated in 6-well culture plates (4×10 5 cells per well) containing serum-free DMEM medium. The cells were cultured in the incubator, and the original medium was changed with fresh medium every other day. The lentivirus was taken out from the freezer (-80°C) and melted. Then, the lentivirus was successively added into the medium, according to multiplicity of infection=40, and was well mixed. Each type of virus occupied 1/3 of the whole volume. The cells were cultured at 37°C, and taken out after 12 h to change the medium containing virus with 10% serum fresh medium, observed after 72 h by an inverted fluorescence microscope. Growth curves were drawn after counting.
Real-time PCR
Using the RNAiso kit (TaKaRa, Japan), with GAPDH as the internal reference, calibrated with the untreated BMSCs, we detected the expression of COX-2, aggrecanse-1, and hIGF-1mRNA of the virus group and blank-virus group using the FTC-3000 RT-qPCR System (Funglyn Biotech Inc, Canada). Then we compared the differences between the groups.
Intra-joint injection
BMSCs were harvested, washed and suspended at a density of 1×10 7 /ml after 3-week culture. Animals in each group received intra-joint injection with 1 ml of virus-transfected BMSCs (virus group), 1 ml blank-virus-transfected BMSCs (blank-virus group), or 1 ml NaCl (control group), and were fed under the same condition without activity limitation after surgery. One week later, synovial fluid of animals in each group was extracted, and the density of PGE-2, IL-1, aggrecanase-1, and hIGF-1 were detected using an Enzyme-Linked Immunosorbent Assay Kit (Elabscience, Wuhan, China), which were also detected with the same method at 4 weeks and 6 weeks later.
Histological observation of cartilage
Six weeks later, the animals were sacrificed and cartilage of each group were harvested. Cartilage were observed and compared after HE staining and type II collagen enzyme immunohistochemical staining (Rabbit Anti-Collagen II, Aobesen, Beijing, China). The cartilage in the restoration region was graded under the improved Pineda standard.
Statistical analysis
The results are expressed as mean ± standard deviation (SD) of separate experiments. The paired t test was used to value the difference between groups. A p value of less than 0.05 was considered significant. Analysis was performed using SPSS version 13 (SPSS Inc, Chicago, IL). Table 1 . Gene sequences of hCOX-2, h-Aggrecanase-1, and hIGF-1.
Results
The building of the osteoarthritis model ( Figure 1 ). Six weeks after surgery, MRI showed an abnormal high-density shadow at the model side, then animals were sacrificed, and both cartilage defect and osteoproliferation can be found at the surgery region. Synovial proliferations were not obvious, and all features were characteristic of early OA.
Cell culture and virus transfection. After 1-2 days of incubation, cells were in exponential growth phase at the 3rd or 4th day, then grew into plateau phase at the 6th to 8th days. The growth curve was nearly parallel between groups. Virus transfection had no obvious adverse effects on cell growth (Figures 2, 3 ).
RT-PCR detection
Compared with blank-virus and control group, COX-2 (2.867±0.452) and aggrecanse-1 (6.256±1.66) expression in the virus group was clearly reduced (P<0.01) and IGF-1 (17.46±1.86) was obviously increased (P<0.01). There was no significant difference between the blank-virus group and control group (P>0.05) ( Figure 4 ; Table 2) . 
Enzyme-linked immunosorbent assay detected synovial fluid
Concentration of PGE2 (Table 3) Concentration of IL-1 (Table 4) Concentration of h-aggrecanase-1 (Table 5) Concentration of h-IGF-1 (Table 6) 
RT-PCR detection of cartilage
Compared with the blank-virus and control group, in the virus group the expression of COX-2 (6.250±0.285) and Aggrecanase-1(7.591±0.674) was clearly decreased (P<0.01), while IGF-1(17.461±0.537) was clearly increased (P<0.01). There was no statistically significant difference between the blankvirus group and control group (P>0.05) ( Figure 5 ).
Histological observation of cartilage
Normal cartilage cells are distributed evenly, arranged evenly with clear hierarchy, no clustered chondrocytes. In NaCl and blank-virus groups, the cartilage accorded with early OA 
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performance reference Mankin [10] articular cartilage standard, the arrangement began to be disordered in cartilage cells, followed by separation and clustering. Cartilage cells of the virus group animal model proliferated significantly, with greater density, larger nuclei, and darker staining (Figures 6, 7) .
Scores of cartilage under the improved Pineda standard ( 
Discussion
Osteoarthritis (OA) is the most common form of arthritic disease, with the manifestations of degeneration of articular cartilage, bone destruction, and hyperosteogeny, which are the main causes of joint pain and dysfunction [11] . OA is a complex pathological process in which a of variety of cytokines participate through a variety of pathological pathway and mechanisms. In OA pathogenesis, many inflammatory cytokines are released into the blood, which aggravates the severity of the illness, and changes of inflammatory cytokines in synovial fluid were similar to the serum [12] . Elevated inflammatory factors of OA patients may be related to synovitis, and there is evidence to support the relationship between synovitis and joint degeneration [13] . At present, the main treatments are conservative treatment and surgical treatment [14] , and despite the multiple modalities of treatment, the outcome is still often unsatisfactory. Thus, a revolutionary treatment approach is eagerly awaited.
BMSCs as the seed cells of tissue engineering and transgenic technology have the capacity for multipotential differentiation, which can differentiate into different cells in vitro, such as bone, cartilage, fat, and muscle-like cells [15] . Through tissue engineering, arthritis cartilage damage can be repaired, and an experiment showed that stem cells differentiated into bone in a rabbit model of osteoarthritis [16] . In the development of osteoarthritis, COX-2, Aggrecanase-1, and hIGF-1 are critical genes, and increased expression of COX-2 promoted synthesis of PGE2, which ultimately resulted in the development of inflammation and joint damage [17] . The increased activity of aggrecnase1 resulted in more proteoglycans being degraded, which broke the balance between cartilage matrix synthesis and degradation, and led to further cartilage defects and dysfunction of joints [18] . hIGF-1 is an important cytokine that can effectively promote the synthesis of cartilage matrix, enhance mitosis, and inhibit cartilage matrix degradation, so as to maintain the normal function of the articular cartilage [19] .
We used BMSCs as target cells, Cynomolgus monkeys as the animal model, transferred lentivirus-mediated cyclooxygenase-2 and aggrecanase-1 silencing gene and insulin-like growth factor-1 overexpression gene into BMSCs, successfully inhibited the expression of COX-2 and aggrecanase-1, enhanced expression of hIGF-1 gene, and sequentially at cellular level reduced the inflammatory cytokine production, and promoted growth factor production. After injecting the gene-transfected stem cells into the knee joint cavity of the osteoarthritis model, the concentrations of inflammatory factors PGE2 and IL-1 in synovial fluid were significantly reduced, and aggrecanase-1 was further decreased, while hIGF-1 level increased. All of these changes were consistent with the changes in gene level, according to in vitro study results [20] . Using histological methods, we proved that this approach can better protect the cartilage matrix and promote the generation of cartilage matrix and chondrocytes, thereby proving the operability and effectiveness of the gene therapy for early osteoarthritis.
In the field of gene therapy, genetic research with a single gene or double genes are relatively common, but gene therapy studies with multiple genes are less common. In this study, after 3 genes were simultaneously transfected, they more effectively inhibited the expression of destructive genes, reduced the production of harmful inflammatory cytokines, increased the expression of useful ones, and jointly protected articular cartilage. The Cynomolgus monkey is a primate with physiologic structure similar to humans, and therefore has great scientific value. Through the excision of entire cruciate ligaments, we successfully built the early osteoarthritis model, by multiple gene interference and enhancement, further demonstrating the feasibility of gene therapy for early osteoarthritis.
